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Introduction
Bacterial contamination is detrimental to industrial processes and hazardous to human health. The undesirable presence of bacteria is traditionally eliminated by chemical-based approaches relying on the diffusive release of antibacterial agents [1] . Today, these agents are loaded, coated, or impregnated into a myriad of materials for industrial applications and consumer products alike. However, systems designed to release antibacterial agents result in the leaching of said agents into the environment. In addition to unintended toxicity jeopardizing indigenous organisms, leached compounds produce a sublethal background dose that can foster the development of resistance mechanisms [2, 3] . Even if these environmental and health aspects are overlooked, from a product design perspective, release-based antibacterial materials in practice are often ineffective. Their burst-release kinetics are initially highly toxic but concentration decreases rapidly, thus requiring replenishment or replacement, and released compounds ultimately do not reach the intended targets at a sufficient concentration since diffusion is uncontrolled and directionless [4, 5] .
Novel, non-diffusive strategies to prevent bacterial proliferation are therefore highly sought after and are a focal point in current antibacterial research [1, 2, 6, 7] . For example, covalently functionalized, nonleaching antibacterial coatings have been designed to mitigate the excessive release of compounds into the environment [2, 8] . However, even when a surface is chemically unfavorable, ions and macromolecules such as proteins and polysaccharides secreted by bacteria or from the local environment can form a "conditioning film" on the surface. This acts to mask antibacterial functional groups so that adhesion and bacterial proliferation can proceed, rendering the covalently functionalized material inefficient [9, 10] .
Innovative studies over the past ten years have led to a nextgeneration bactericidal approach which acts through physicomechanical means. The typical size of an individual bacterium is on the order of 1 μm, with much of its cellular components in the nanoscale range. These components and their biological functions have proven to be greatly influenced when contact is made with other nanoscale materials in their environment [11] [12] [13] . Certain nanoscale structures and geometries have unique abilities of inhibiting, injuring, or even lethally inactivating a bacterial cell upon contact. The lattermost of these materials, henceforth known as "mechano-bactericidal nanostructures," can be prepared as dispersed nanoparticles suspended in media, referred to as colloids, or fabricated as surface nanotopography (Fig. 1) . Mechanobactericidal colloids and mechano-bactericidal nanotopographies are seldom compared despite new colloidal insights potentially being beneficial to those studying nanotopography, and vice versa. This review bridges the knowledge gap between the two strategies of mechanobactericidal nanostructures. By doing so, we hope to illuminate existing themes and offer potential research directions for the future.
The immediate advantage of mechano-bactericidal nanostructures over traditional, chemical-based antibacterial agents stems from their physical interactions with bacteria. As they are not designed to release antibacterial compounds, aforementioned drawbacks associated with diffusion losses are not of primary concern. However, their nondiffusive design is also the primary limitation in their potential application, as they can only inactivate bacteria that have made direct contact with the mechano-bactericidal nanostructures. Ideally, the most effective antibacterial surface would instantly eliminate adhered cells before proliferation can occur [14] . In general, this has been the case for substrates featuring mechano-bactericidal nanostructures. In particular, nanostructures designed with sharper and higher aspect ratio geometries have been shown to rapidly eliminate adhered bacteria within mere minutes of contact. The focus herein lies in the mechanobactericidal mechanisms of action upon such contact. Proof-of-concept demonstrations by pioneering research groups are also highlighted. The fabrication techniques to produce nanoscale colloids versus topographies are vastly different from one another and therefore described here only in brief, as we focus on the lethal interactions between bacteria and mechano-bactericidal nanostructures.
Nanodarts and nanoblades as mechano-bactericidal colloids
In this section, we introduce suspended colloids that act as mechano-bactericidal nanostructures. Current knowledge of such colloids is mostly limited to studies of carbon nanotubes (CNTs) and graphene materials. Comprehensive reviews on the fabrication of CNTs [15, 16] or graphene [17, 18] as well as their biological interactions are available but do not emphasize the mechano-bactericidal mechanisms discussed herein. Conventional antibacterial assays [19, 20] demonstrate the mechano-bactericidal activity of these colloidal nanostructures under typical incubation conditions, whereas computational simulations offer insights into underlying biological interaction between an individual colloid and a model cell membrane lipid bilayer.
CNTs as nanodarts
In 2007, Elimelech et al. reported the first direct evidence of the mechano-bactericidal mode of action: single walled carbon nanotubes (SWCNTs) were demonstrated to severely pierce and damage the cell membrane of Escherichia coli as a result of direct contact, hinting at the potential of SWCNTs as antibacterial materials [21] . In their study, metal toxicity and oxidative stress were ruled out due to the pristine nature of the preparation. In contrast, studies with multi-walled CNTs (MWCNTs) showed that, compared to aggregates of SWCNTs, bactericidal efficacy by aggregates of MWCNT were not as pronounced, but that direct contact between E. coli cells and CNTs was necessary for inactivation in both cases [22, 23] . Leakage of genetic material following cell membrane destruction was quantified, as were levels of stress factorassociated mRNA gene products. Both experiments once again pointed to the superior antibacterial efficacy of SWCNTs. Their results suggest that direct contact due to the high aspect ratio geometry of SWCNTs was primarily responsible for the bactericidal effect. Furthermore, higher specific surface area of SWCNTs enable more interaction opportunities with membranes of cells compared to MWCNTs, leading to increased occurrences of membrane piercing events by the ends of nanotubes [22] . Similarly, Chen et al. found thin and rigid SWCNTs Fig. 1 . Mechano-bactericidal nanostructures can be designed to act as suspended colloidal systems, as is the case for carbon nanotubes and graphene nanosheets, or patterned as surface nanotopography, such as nanopillars and nanospikes. Note that the different components of this graphic are not drawn to scale.
induced more significant piercing, needle-like damage to the membranes of gut bacteria than MWCNTs [24] .
Liu et al. increased the antibacterial contact area available by preparing pristine and individually dispersed, one-dimensional (1D) SWCNTs 8.3 Å in diameter. They concluded that these SWCNTs primarily act as "nanodarts" to pierce bacterial cells, while cell death due to inhibitory effects of oxidative stress and toxic impurities were minimal [25] . Increased antibacterial rates were achievable simply by changing the shaking speed of the flasks during incubation with SWCNTs, thereby increasing the frequency and intensity delivered via the mechanobactericidal SWCNTs. The group evaluated survival of both Grampositive (Bacillus subtilis and Staphylococcus aureus) and Gramnegative (E. coli and Pseudomonas aeruginosa) bacteria and found SWCNTs exhibited higher antibacterial activity towards Gram-positive cells. They reasoned that the natural complexity of Gram-negative bacteria (characterized by inner and outer membranes sandwiching a peptidoglycan layer) made it harder for nanodarts to penetrate. The presence of complex appendages and functional groups protruding from the outer membrane of Gram-negative bacteria possibly acts as a shielding layer akin to steric hindrance, lessening the direct impact and interaction between colloidal nanostructures and Gram-negative bacteria. The same group later used a sharp 2 nm atomic force microscope (AFM) tip to mimic an individual collision event between a cell and a SWCNT and found that a singular collision between a CNT and a cell is insufficient to induce lethal damage. Instead, antibacterial activity would require the cumulative effect of a large number of individually dispersed nanodart-membrane interactions over time [26] . Table 1 lists representative studies attributing bacterial cell death to the direct physical interactions with CNTs.
On the one hand, experimental assays evaluate efficacy of mechanobactericidal nanostructures in conventional incubation conditions to monitor bacterial proliferation. However, direct observations in these studies are limited to the use of microscopy at static time points that offer only discrete glimpses of the process. Simulation techniques, on the other hand, offer more comprehensive explanations as to how nanomaterials interact with modeled cell membranes, albeit modeling efforts investigate lipid bilayer membranes and cannot represent the complexities of a bacterial membrane with a peptidoglycan cell wall and cellular appendages. The model of choice for the majority of simulations is coarse grained molecular dynamics, which combines a cluster of atoms, molecules, or chemical groups into one particle to reduce computational cost [28, 29] . Through modeling, Yang et al. established that penetrating capability of anisotropic nanoparticles across a lipid bilayer is determined by the contact area between the particle and bilayer. For this reason, penetration becomes more difficult when the possible contact area of cylindrical nanoparticles increases [30] . Simulations of individual interactions of a CNT with a cell's lipid bilayer membrane are generally in agreeance that a CNT would first enter a cell through either ends of the tube structure, likely in a near-perpendicular manner [31] [32] [33] [34] [35] . For instance, Wallace et al. used steered molecular dynamics to pull a SWCNT through a lipid bilayer, finding less pulling force was required when orientation of the SWCNT was perpendicular to the bilayer compared to a parallel orientation [33] . After initial insertion, additional destructive intermolecular interactions with lipid molecules would arise, leading to lipids being extracted from the rest of the bilayer, for instance, or the formation of lipid micelles [34] . Fig. 2 shows a selection of SEM images highlighting destruction of cell membranes by CNTs as well as modeling experiments investigating a singular membrane insertion event of a SWCNT.
Mechano-bactericidal penetration does not fully explain the observed antibacterial effect of CNTs. The energy required for a CNT to fully and spontaneously penetrate through a membrane is quite high [36, 37] , not to mention other nanoscale interactions are also at play. Through modeling and experimentation, it is known that engineered nanomaterials can interact with the bacterial cell membrane by adsorbing onto the membrane, passing through it, extracting its lipids, inducing pore formation, or activating membrane receptor proteins [38] [39] [40] [41] . Like most other antibacterial nanomaterials, CNTs offer numerous antibacterial interactions depending on their design parameters and environmental influences [42] [43] [44] . Pasquini et al. found SWCNTs functionalized with chemical moieties that compacted CNT aggregates indirectly decreased cytotoxicity [45] . Vecitis et al. suggested that piercing is merely the first of three steps leading to CNTs' overall antibacterial mechanism. The second step being the perturbation of the rest of the cell membrane, followed by the third and last step of CNT structuredependent bacterial oxidation [44] .
Graphene sheets as nanoblades
Aside from CNTs, another class of colloidal suspensions frequently reported to physically induce cell damage is graphene nanomaterialstruly two-dimensional (2D) sheet-like nanomaterials consisting of a single layer of carbon atoms arranged hexagonally. For the purposes of this review, graphene, its derivatives (such as graphene oxide (GO)), and other chemically-modified graphene nanosheet structures are broadly referred to as graphene family nanomaterials (GFNs). As GFNs are also high aspect ratio, low-dimensional nanomaterials, they were predicted to share certain antibacterial mechanisms observed in CNTs [46] . Akhavan et al. laid GO "nanowalls" on stainless steel substrates via electrophoretic deposition; the randomly oriented GO nanosheets, some of which were nearly perpendicular with respect to the substrate, provided sharp edges on the surface available for bacterial interaction [46] . E. coli and S. aureus were used as Gram-negative and Grampositive bacterial models, respectively. Nanowalls exhibited stronger antibacterial activities against S. aureus as shown by colony forming unit (CFU) enumeration and quantification of cytoplasmic RNA leakage. Needle-like SWCNTs and knife-like GO had strongest antibacterial activity against copper-resistant Ralstonia solanacearum by damaging cell walls whereas the ball-like C 60 did not show significant antibacterial activity.
Wang et al. [27] The group reasoned that the lack of outer membrane in Gram-positive bacteria made it more sensitive to the direct contact with the sharp edges of nanowalls, echoing the increased antibacterial susceptibility of Gram-positive bacteria to mechano-bactericidal colloids previously observed with CNTs [46] . In elucidating how GFNs interact with cell membranes, Lu et al. magnetically aligned GO nanosheets in a vertical orientation with respect to the substrate, finding the vertical orientation to exhibit enhanced antibacterial activity against E. coli compared to random and horizontal orientations [47] . Based on the limited generation of reactive oxygen species (ROS), they attributed antibacterial properties to a combination of direct electron transfer and nanosheet penetration due to the increased density of edges of the vertically aligned GO. Liu et al. found that sharp edges of GFNs induce significant membrane stress towards E. coli [48] , comparable to earlier mechano-bactericidal studies involving sharp SWCNTs. Experimental observations by other groups concluded that efflux or leakage of intracellular genetic material was further evidence for mechanical disruption of bacterial membranes by graphene, GO, and reduced GO (rGo) [27, [49] [50] [51] [52] .
Computational simulations confirmed this hypothesized membrane interaction mechanism, commonly reported as "insertion mode" or "penetration mode" [53] [54] [55] [56] [57] [58] [59] . Li et al. used coarse-grained molecular dynamics and all-atom molecular dynamics to reveal that membrane piercing by GFN blade-like (or knife-like) materials is initiated at rough asperities, or sharp corners, of the graphene sheets [53] . A comprehensive study by Tu et al. experimentally assessed membrane damage of E. coli by dispersed GO, then revealed via simulations that GO can spontaneously insert through different methods of entry into both the outer and inner E. coli membranes [54] . Table 2 lists representative studies attributing bacterial cell death to direct physical insertion with GFNs. Found direct contact between cell membrane and extremely sharp edges of deposited graphene were more effective against Gram-positive S. aureus compared to Gram-negative E. coli.
Akhavan et al. [46]
GFNs GO (thickness:~0.8 nm) magnetically-immobilized and vertically aligned on glass Vertical alignment of GO nanosheets increased density of edges causing enhanced physical E. coli membrane penetration and chemical oxidation by electron transfer.
Lu et al. [47] GFNs Graphite (size: 6.87 μm), graphite oxide (size: 6.28 μm), rGO (size: 2.75 μm), GO (size: 0.31 μm)
E. coli incubated with dispersions of GFNs then assessed by SEM showed cell damage after direct contact (similar to CNTs) but cell death was due to a combination of membrane damage and oxidative stress.
Liu et al. [48] GFNs GO (mean thickness: 1 nm) GO caused integrity loss of cell membrane and cell wall of dental pathogens (Streptococcus mutans, Fusobacterium nucleatum, Porphyromonas gingivalis) based on TEM, attributed to physical mechanism of GO which insert/cut through membranes and destructively extract phospholipids.
He et al. [52] Carbon nanomaterials SWCNTs (outer d: 1-2 nm, length: 30 μm), MWCNTs (outer d: 8 nm, length: 30 μm), GO, rGO, fullerene (C 60 )
Needle-like SWCNTs and knife-like GO had strongest antibacterial activity against copper-resistant Ralstonia solanacearum by damaging cell walls whereas the ball-like C 60 did not show significant antibacterial activity.
Wang et al. [27] However, the edge-first penetration of GFNs leading to their mechano-bactericidal action is not unanimously accepted; investigation into the physical interactions with GFNs is further complicated by the orientation of nanosheets upon contact, the density of edges, degree of asperities, and GFN size. These factors combined with theoretical modeling suggest that GFNs perhaps act more than as a simple blade [60] . Researchers have shown, for example, that by destructively extracting membrane lipids, the basal plane of GO contributes more significantly to overall bactericidal properties than the blade-like penetration mechanism [61, 62] . Mangadlao et al. eliminated edge penetration effects by immobilizing flat GO sheets whose edges were embedded in a poly(ethylene terephthalate) (PET) substrate [63] . This surface still inactivated E. coli, indicating that mechano-bactericidal mechanisms may not contribute major antibacterial activity and that lateral dimension of nanosheets must be taken into account. The insertion, penetration, or "nanoblade" mechano-bactericidal mode of action represents one of a handful of mechanisms frequently reported in the interaction of GFNs with biological materials. Other commonly reported antibacterial mechanisms that act simultaneously upon contact include oxidative stress initiated by ROS or by charge transfer. For instance, Perreault et al. found that oxidative stress of GO was also sizedependent such that smaller GO sheets were more antimicrobial due to their high defect density [64] . Chong et al. showed light-induced oxidative stress accelerates electron transfer from bacterial biomolecules to the surface of GO, resulting in the reduction of GO while also causing cell destruction [65] . Pore formation induced by GFNs, which leads to osmotic imbalance and subsequent cell death is also possible [66] .
It is clear that the extent to which the mechano-bactericidal activity contributes to overall antibacterial efficacy is still contested [60, [67] [68] [69] . Size-dependency also influences membrane interactions, as GFNs are nearly atomically thin in one dimension but the other two dimensions are typically large [53] . Through simulations, Dallavalle et al. suggested through molecular dynamics modeling that small sheets with a high degree of asperities tend to pierce membranes with ease, whereas intermediate-sized sheets require optimal orientation and larger sheets were more likely to sit flat atop membranes [55] . Instead of piercing, these larger GFNs would instead adsorb on the membrane causing upturning of the phospholipid molecules. Fig. 3 provides depictions of some GFN-membrane interactions. Experimentally, size-dependent interactions have focused on mammalian cell culture as opposed to bacterial systems. For instance, Sanchez et al. [17] suggests a critical lateral dimension to be approximately 5 μm in mammalian cell interactions with GFNs. Few-layer-graphene smaller than that can readily insert through the eukaryotic cell membranes and become internalized by human macrophages, whereas the cells would adsorb and wrap around larger graphene sheets. Whether this could lead to inflammation following mammalian uptake of GFNs is unknown [17] . These insights offer a glimpse into how mechano-bactericidal colloids would impact human health, which must be evaluated before deployment.
Other colloidal mechano-bactericidal nanostructures
In areas of research where nanomaterials interact with biological components, such as cell membranes, the terms nanoknife and nanoblade are used interchangeably to describe graphene materials to provide imagery for the edge-first insertion mechanism and 2D graphene nanosheet itself. The use of nanodart to describe mechanobactericidal carbon nanotubes appears to be limited in literature, and thus far specifically refers to CNTs. Comparisons with other 1D materials would confirm whether the nanodart effect is a ubiquitous trait across all 1D nanomaterials. For instance, only one published computational simulation of cellular interactions with boron nitride nanotubes (BNNTs) exists [70] . According to this study, spontaneous insertion of BNNTs (considered to be more stable and inert than CNTs) into the lipid membrane can occur but the nanotube could stay within the bilayer without further disruption. Early investigations into yet other nanoparticles have indicated physico-mechanical interactions at play. For example, Penders et al. evaluated gold nanoparticles of similar sizes but of different shapes and concluded that spheres did not cause antibacterial activity. Rather, nanoflowers possessed shape-dependent antibacterial activity but were innocuous towards mammalian cell behavior [71] . Similarly, copper oxide nanoparticles and nanosheets with irregular edges were shown by Gilbertson et al. to possess physical and chemical toxicity [72] . The nanosheets would orient parallel to the cell membrane, suggesting bactericidal interaction to originate from rotation.
Lastly, CNTs and GFNs represent mechano-bactericidal colloids for which a strong body of knowledge exists on their fabrication and geometric modification. Current lack of understanding prevents the conclusive claim of mechano-bactericidal efficacy for other colloids. It is worth noting that early applications employing these CNTs and GFNs did not have antibacterial applications in mind [21, 73, 74] . Rather, their mechanical, electronic, and structural properties allowed diverse uses which eventually overlapped into biological and microbiological research. As others have pointed out, substances categorized as 1D-or 2D-or 2D layered-nanomaterials, both naturally occurring or synthetic, are expansive [13, 75] . Other nanomaterials that are atomically thin and possess high aspect ratio exist as well (e.g., chalcogenide nanosheets such as tungsten disulfide or molybdenum disulfide or exfoliated bismuth selenide, etc.). It is reasonable to hypothesize that these under-represented nanomaterials too have the potential to deliver mechano-antibacterial efficacy but simply have yet to be explored in this context. In doing so, however, researchers should be wary of the presence of impurities, which are often difficult to eliminate but need to be accounted for in any antibacterial experiment.
Nanopillars and nanospikes as mechano-bactericidal nanotopographies
The first mechano-bactericidal nanotopography described in literature was of natural origin [76] . Since then, a handful of other natural surfaces have demonstrated similar mechano-bactericidal activity, inspiring biomimetic efforts to replicate these surfaces on artificial substrates. Here, we summarize research efforts in mechanobactericidal nanotopographies and their proposed modes of action to highlight established concepts as well as questions that remain. For additional reading, Elbourne et al. [5] recently prepared a comprehensive review of antibacterial surfaces.
Mechano-bactericidal nanotopographies in nature
Ivanova et al. were the first to report a surface lethal to bacterial cells purely through mechanical means [76] , retroactively referring to this mechanism as mechano-bactericidal [77] [78] [79] [80] . The title of this review borrows the same terminology. The nanostructured surface in question was the wing of the cicada insect Psaltoda claripennis, which possesses a topography consisting of spherically capped nanopillars. Electron microscopy of the cicada wing revealed spherically capped nanopillars 200 nm tall with a 100 nm wide base that tapered off to 60 nm at the cap with ordered periodicity of 170 nm between the center of two pillars [76] . P. aeruginosa cells that adhered to the wing's nanotopography were rapidly killed independent of surface chemistry -a factor which was ruled out after wings sputter-coated with 10 nm of gold maintained the same bactericidal efficacy.
Wings of several species of cicada, dragonfly, as well as damselfly have been discovered to possess mechano-bactericidal nanopillar or nanospike topographies ( Table 3 summarizes the reports of natural mechano-bactericidal surfaces to date). It is hypothesized that the bactericidal activity of these insect wings represents an evolutionary function to prevent accumulation of microbial matter such as biofilms, thereby maintaining the insects' lightweight stature during flight [76, 81, 82] . Curiously, the skin of gecko lizards is bactericidal in the same manner because of their nanotipped hairs termed spinules [83] [84] [85] , suggesting evolutionary convergence. SEM by Watson et al. revealed individual spinules of the skin of the gecko Lucasium steindachneri to be 4 μm long with slight curvature and spherically capped with radius of 10-30 nm. Since exposure to moisture (which carry microorganisms) or environmental contaminants in their habitat is continuous and unavoidable, geckos likely possess self-cleaning and mechanobactericidal nanotopography as a protective mechanical barrier [85] . Fig. 4 showcases some natural mechano-bactericidal surfaces such as cicada wing, dragonfly wing, and gecko skin.
Topographical geometry influences mechano-bactericidal efficacy
Hasan et al. found the nanopillar topography of the P. claripennis cicada wing to be highly efficient against Gram-negative bacteria (P. aeruginosa, E. coli, Pseudomonas fluorescens, Branhamella catarrhalis). It appears that bacteria initially sank down onto the wing nanotopography, spread between nanopillars, then suddenly experienced a short downward displacement, as detected by AFM, indicative of lethal rupture of the cell. Most attached cells were killed in this manner in under 5 min [76] . However, the same wing was not particularly effective against Gram-positive species (B. subtilis, S. aureus, Planococcus maritimus) [86] . Thus, bacterial cell wall and outer membrane were suggested to play decisive roles in the cell-surface interaction. It is well-known that, compared to Gram-negative species, Gram-positive bacteria have characteristically thick peptidoglycan layers, generating more rigid, stress-bearing outer surfaces [86, 88] .
Pogodin et al. performed biophysical simulations of Gram-negative and Gram-positive bacteria and their interactions with nanopillars to show that it is the region of the cell membrane stretched between two neighboring nanopillars that leads to critical rupture [87] . Importantly, cells are not pierced directly as was the case with SWCNTs described in the previous section. Rather, Gram-negative cells adhered to the nanopillar surface and critically deformed and were ultimately killed by the nanopillars of the wing. In contrast, morphology of Gram-positive cells was largely unchanged and remained viable due to their increased rigidity. It appears the thicker cell wall of Grampositive bacteria would require greater deformational stress than what the cicada nanopillars can inflict. Other simulations were largely in agreeance, suggesting that Gram-negative cell death was thermodynamically possible on nanopillars whereas the geometry needs optimization to rupture Gram-positive bacteria [89, 90] . There is discrepancy in proposed approaches to optimize the nanopillar geometry. Simulations by Li et al. called for increasing nanopillar distribution density, the radius and the height of nanopillars to enhance the adhesion contact area available for critical stretching [90] . Meanwhile, Xue et al. suggested sharper nanopillars with increased spacing would result in the increased bacterial membrane surface tension necessary for Grampositive rupture [89] . Experimental results from Fisher et al. agreed with the latter approach, finding sharp diamond nanocones on silicon substrate arranged in a non-uniform array of decreased distribution density were more bactericidal towards P. aeruginosa compared to uniformly arranged, high density nanocones [91] . In contrast, Linklater et al. and Kelleher et al., assessing silicon nanopillars and cicada wing nanopillars respectively, found densely packed nanopillars to be more bactericidal [79, 92] . Dickson et al. fabricated nanopillars constructed of poly(methyl methacrylate) (PMMA) of varying periodicity. Their findings indicate optimal nanopillar spacing lies between 130 and 380 nm against E. coli proliferation, whereas periodicity of 600 nm caused Truong et al. [80] Gecko skin Spinules (h: b4 μm, terminating with spherical cap of small radius of curvature~10-30 nm)
Gecko skin kills P. gingivalis (Gram-negative) but demonstrated eukaryotic cell compatibility with human dental pulp stem cells.
Watson et al. [85] Gecko skin and epoxy resin replica Spinules (h: 2-4 μm) Death of S. mutans and P. gingivalis (Gram-negative) is caused by cell compression and stretching. More successful against Gram-negative than Gram-positive bacteria.
Li et al. [83] Gecko skin and biopolymer blend replica Spinules (h: 1-4 μm and taper to b50 nm nanotip)
A biotemplating method to replicate the spinules covering gecko lizard skin is described. Gut bacteria cultivated on natural and replica gecko skin experienced rupture and death on spinules.
Green et al. [84] noticeably less cell death [93] . The optimal spacing to produce the most bactericidal nanotopography remains unclear and under investigation. Nonetheless, it is generally unanimous in literature that increasing the height and sharpness of the nanopillars, thereby enhancing the aspect ratio, improves bactericidal efficacy. This notion was definitively demonstrated by Ivanova et al. [94] . Biomimicking dragonfly wings, which possessed longer pillars with sharper tips, the group fabricated longer, sharper, high aspect ratio pillars with black silicon (referred to as "nanospikes") via reactive-ion etching. Nanospikes were 20-80 nm in diameter with height of 500 nm and randomly distributed and were able to achieve increased cell wall stress resulting in bactericidal efficacy against Gram-negative and Gram-positive bacteria. Even highly resilient B. subtilis endospores were killed at a rate of~140,000 spores per minute per cm 2 [94] . Thus, despite not directly piercing bacterial cells, enhancement of the aspect ratio of nanopillars and nanospikes results in greater mechano-bactericidal efficacy, mirroring the trend of sharper CNTs and thinner GFNs discussed above also being more effective. In this case, longer and sharper nanospikes provide the necessary Li et al. [83] Gecko skin and biopolymer blend replica Spinules (h: 1-4 μm and taper to b50 nm nanotip) A biotemplating method to replicate the spinules covering gecko lizard skin is described. Gut bacteria cultivated on natural and replica gecko skin experienced rupture and death on spinules.
Green et al. [84] Silicon Gold Nanopillars (h:~100 nm, d:~50 nm) and other topographical nanostructures (nanoring, nanonugget)
Number of live S. aureus cells on all gold nanotopographies was 3 orders of magnitude lower than on flat and rough control surfaces. All three nanostructures delivered similar bactericidal performance.
Wu et al. [106] Diamond on silicon wafer Nanocones (h: 0.8-2.5 μm, width: 350-750 nm), bimodal nanocones (h: 100 nm or 3-5 μm, width: 10-40 nm).
Diamond nanocones with varying cone dimensions, non-uniform array and decreased density were more bactericidal than highly dense nanocone surface against P. aeruginosa. Morphological damage varied despite cell death.
Fisher et al. [91] Diamond coated nanopillared silicon wafer Short silicon needles (h: 1 μm) or long silicon needles (h: 15-20 μm) both coated with 10 nm nanodiamond Bactericidal properties of diamond-coated silicon needles against P. aeruginosa was evident after 1 h (13% dead compared to 2% in flat control). Cells appeared to be damaged by nanofeatures, appearing flat and non-turgid.
May et al. [107] GO film Various highly wrinkled and rough GO (h: 0.74-2.1 μm depending on roughness, width of each wall of wrinkles: 7.75-15.2 μm)
Wrinkled GO films prepared by vacuum filtration of GO suspensions form mechanically robust GO "traps" resulting in damage to the cell membranes of E. coli, S. aureus, and M. smegmatis caused by increased oxidative stress and physical piercing or laceration.
Zou et al. [108] Zeolitic imidazolate framework (ZIF) on various substrates ZIF Nano-daggers (h: N1 μm, 2 μm thick with sharp nanotips)
High bactericidal activity against E. coli, S. aureus, and Candida albicans (fungi) hypothesized to be caused by enhanced cell adhesion by positively charged ZIF followed by killing by rigid and sharp nano-dagger tips.
Yuan et al. [109] deformation and stress to the highly rigid cell walls of Gram-positive bacteria and endospores.
Bacterial motility can influence mechano-bactericidal efficacy
There is evidence to suggest bacterial motility, rather than cell rigidity, plays the determining role in bactericidal action. Bandara et al. assessed bactericidal nanopillars of dragonfly wings and observed that dead adhered cells leaked cytoplasmic material which appeared characteristically flattened [81] . Observations with helium ion microscopy showed cell death soon after attachment. At this point, membrane wrinkling and beginning of cytoplasm leakage was also observed. Upon initial attachment, cell morphology appeared flattened and finally, cytoplasm completely leaked and the cell sank into the nanopillars causing loss of cell integrity. However, rather than cells being critically stretched between two pillars, cell death was attributed to the combination of high adhesive force between pillars and the extracellular polymeric substances (EPS) on the exterior of bacterial cells as well as the strong shear forces generated as adhered bacteria -still alive at this point -push, pull, and struggle upon the unfavorable topography that cause cell death [81] . Diu et al. assessed three highly motile bacteria (P. aeruginosa, E. coli, and B. subtilis) and three low-or non-motile species (S. aureus, Enterococcus faecalis, and Klebsiella pneumonia) on a titanium substrate covered with titania nanowires [95] . Their observations implicate motility as the determining factor: significant bactericidal activities occurred for motile bacteria whereas little or negligible activity was observed for low-motility bacteria. This explanation corroborates well with conclusions made by Kelleher et al. [92] , who established that the greater number of nanostructures with which cells come into contact, the greater the bactericidal activity, as motility along the surface naturally introduces more contact. In relation to motility, Sengstock et al. proposed that cell division during bacterial proliferation could explain the observed difference in antibacterial activity between E. coli and S. aureus [96] . Namely, E. coli multiply by elongating, which requires horizontal movement of the cell body attached to the nanostructures. In contrast, S. aureus divide along three planes, resulting in some daughter cells clustering above the original cells thus escaping direct contact with the nanostructured surface [97] .
The physico-mechanical forces of cicada nanopillars have also shown lethality against the eukaryotic microorganism Saccharomyces cerevisiae (yeast) [98] , hinting at broad-spectrum efficacy against microorganisms in general. Despite inherent differences in yeast cell wall structure, ruptured yeast cells resembled the morphology of ruptured bacteria others have reported. Observations of "puddles" were reported and hypothesized to derive from leaked yeast cytoplasm. Notably, these findings raise doubts over motility being the primary mechanism behind microbial cell death since S. cerevisiae cells do not possess propulsion mechanisms and are considered non-motile. It is also wholly possible that cell wall rigidity as well as motility, whether through movement or cell division, play combined roles in cell death but the influence of each factor is not well understood.
Biomimetic and bio-inspired nanotopographies
In addition to insect wings and gecko skin, biomimetic artificial nanotopography constructed from silicon, titanium, PMMA, biopolymer blends, gold, and diamond have also demonstrated mechanobactericidal efficacy. Collectively, works described in this section emphasize mechano-bactericidal nanostructures as antibacterial agents independent of chemistry. As is true for their natural counterparts, the spacing between two adjacent structures as well as the aspect ratio of the structures of an artificial nanotopography are critical factors in antibacterial efficacy. Spacing dictates the number of nanostructures an adhered cell is subjected to, as well as the degree of deformation experienced by the membrane regions between adjacent nanostructures, while enhancing the aspect ratio of nanotopography features leads to higher mechano-bactericidal efficiency. Table 4 summarizes experimental studies describing biomimetic mechano-bactericidal topographies. After bacterial incubation with mechano-bactericidal nanotopography, a trend among these studies is the characteristically flattened or sunken cell morphology observed by SEM, sometimes accompanied by visible puddles of cytoplasmic leakage and loss of cell integrity.
For artificial biomimetic nanotopography, black silicon nanospikes pioneered by Ivanova et al. have made the most progress in demonstrating applicability. To date, the black silicon nanospikes from Ivanova et al. represents the only mechano-bactericidal nanotopography that has also proven in vivo biocompatibility [99] . Implanting the black silicon substrate in mice showed that the nanostructured surface produced minor tissue reaction, whereas a smooth, nontextured silicon induced a greater inflammatory reaction. Black silicon nanospikes have undoubtedly shown great promise but the use of silicon is scarce in biomedical applications due to its brittle nature. As titanium materials are heavily favored for implants, mechano-bactericidal titanium substrates hold a more promising future but these have not been evaluated in vivo. The possibility of irritation or inflammation as a result of mechanobactericidal titania nanowires [95, 100] , for example, needs to be addressed.
Tissue cell interactions with mechano-bactericidal nanotopographies
Most cells in human tissues (aside from blood cells) are anchoragedependent and are influenced by surface topography [110] . Anchorage and subsequent mammalian tissue healing and regeneration can be promoted through the patterning of nanotopography. In fact, implant surfaces are sometimes nanoroughened intentionally for this very reason [111, 112] . Thus, there potentially exists an elusive "sweet-spot" that maximizes tissue cell growth while minimizing bacterial proliferation. To that end, Ivanova et al. pre-infected the black silicon nanospike substrate with pathogenic bacteria, then seeded it with monkey kidney tissue cells. The substrate was able to inhibit bacterial proliferation while simultaneously promoting tissue growth [99] . A handful of other nanotopographies have also demonstrated selective inhibition of bacteria while also supporting eukaryotic cell growth [85, 95, 96, 100, 104, 105] . These findings are of particular importance as they show that on an optimally engineered implant surface, tissue cells can win what is known as "the race for the surface" [113] . In brief, the race describes the onset of surface colonization of an implant material. If initially won out predominantly by host tissue cells, the implant will be protected from invading pathogens, allowing tissue integration to proceed. However, if initial bacterial colonization dominates over host tissue, severe inflammatory response leading to subsequent biofilm infection symptoms would arise, which would require explant and additional surgical efforts [113, 114] . Fig. 5 depicts several biomimetic mechano-bactericidal nanotopography, some of which selectively inhibit bacteria while supporting eukaryotic cell growth.
Why are nanopillar and nanospike topographies consistently lethal against bacterial cells yet capable of supporting tissue growth? Rigidity (and flexibility) of cell membranes is perhaps the critical difference. Compared to eukaryotes, bacteria are typically more rigid due to the prokaryotic peptidoglycan layer rendering bacterial cells incapable of accommodating the nanotopographies described in this section [12] . Hanson et al. used transmission electron microscopy to show that eukaryotic cells are capable of stretching and distorting to accommodate the shape of the nanopillars without compromising intracellular material [115] . Xu et al. fabricated high aspect ratio, hollow alumina nanostraws (100 nm in diameter, 1 mm in height) bound to a polycarbonate substrate. They determined penetration of Chinese hamster ovary cells sitting atop the surface by the nanostraws as a relatively rare occurrence -approximately 1 in 15 nanostraws induced penetration [116] . Similarly, fibroblast cells on an array of gallium phosphide vertical nanowires (3.9 μm height, 4 nanowires per μm 2 ) akin to a "bed-of-nails" were fully motile, resided on top of the nanowires, and were morphologically similar to cells on control substrates [117] . Xie et al. modeled cell adhesion on an array of nanowires, concluding nanowire geometry and cell stiffness as critical factors [118] . Moreover, stiffer eukaryotic cells are more sensitive as a result of high stress concentration at the nanowire tips, thus the penetration force required is low. While their study did not extend to prokaryotes, their conclusions help to explain the high bactericidal efficiency of nanotopography due to the stiff peptidoglycan layer in bacteria. However, by that logic, Gram-positive bacteria with thicker peptidoglycans would be more sensitive to mechano-bactericidal nanotopography, which is not always the case experimentally.
Future outlook
Collectively, the research community commands immense knowledge over nanofabrication techniques. Only a small handful of these techniques have been applied to mechano-bactericidal materials so far. In anticipation of an influx of work in this field of antibacterial research, we urge researchers to report or tabulate all available measurements of their nanostructures' dimensions. This is especially important since there is no consensus in terminology of reported nanostructures. For example, a "nanospike" topography carries connotation and imagery of sharper, higher aspect ratio protrusions compared to a "nanopillar" topography but no systematic categorization exists to distinguish the two. Moreover, neither of the two terms can convey height or periodicity, critical factors related to efficacy of a mechanobactericidal nanotopography. Similarly, lateral size of atomically thin GFNs influence their interactions with cell membranes but the term "nanoknife" cannot express this property.
The very nature of mechano-bactericidal colloids in their dispersed form means they are unfortunately impractical in certain applications. Furthermore, their discharge can be harmful to the environment and to human health. CNTs, GFNs, and engineered nanomaterials in general can enter the body via skin penetration, inhalation, ingestion, or biomedical implantation [17] . Gilbertson et al. asserted that the bactericidal properties of dispersed CNTs can be a benefit or a hazardous liability depending on their intended use [45, 119, 120] . Immobilization of these colloids onto surfaces would open future possibilities while minimizing their dispersal. Indeed, we note a recent shift in the literature from studying bacterial interactions with dispersed CNTs to the incorporation of these nanomaterials in filters for water purification. Recent advances in antifouling filtration membranes are reviewed in Werber et al. [121] and Zhang et al. [122] . Immobilizing mechano-bactericidal colloids blurs the line between bactericidal mechanisms of colloids versus mechanisms of nanotopography, which makes knowledge exchange between researchers studying these two systems even more important. It is reasonable to suggest that membrane-piercing interactions of CNTs can be retained even as they are surface-immobilized but efficacy and contribution of mechano-bactericidal activity to the overall antibacterial activity observed would likely change as a result.
For mechano-bactericidal nanotopographies, highly ordered fabrication is not trivial but Nowlin et al. have recently outlined a set of useful lithography techniques [123] . Once constructed, their use becomes attractive as they are easy to manipulate, more predictable and more effective than release-based approaches to controlling both bacterial and eukaryotic cell growth [112] . Medically-relevant mechano-bactericidal prototypes constructed from PMMA or titanium offer great promise. Abiotic devices intended to interface with the human body (e.g., catheters or intravenous injection ports) are frequently infected and in need of constant replacement, and could perhaps benefit most from what mechano-bactericidal nanotopography has to offer. The design of the urinary catheter, for example, has remained the same since the 1930s and while antibacterial coatings reduce the risk of catheterassociated urinary tract infections, the efficacy cannot be maintained [124] . Applying mechano-bactericidal nanotopography on the inner surface of the catheter could prove highly effective. An elegant microfluidic design by Wang et al. using black silicon nanospikes as a substrate demonstrates that mechano-bactericidal nanotopography can function even under fluid flow [101] . In any case, how human cells interact and remodel in the presence of the same nanotopography still needs to be understood. Whether a surface is directly patterned with mechano-bactericidal nanotopography, or if it is prepared by immobilizing mechanobactericidal colloids, their practical limitation is the same. Namely, only bacteria that have made direct contact with the surface interface will be inactivated. In other words, they can prevent bacterial proliferation on the surface of interest but cannot sterilize the bulk environment surrounding the surface. Conversely, as antibacterial surfaces that do not release chemicals, mechano-bactericidal nanostructures offer opportunities to develop sustainable antimicrobial materials. Black silicon nanospikes, for example, cannot be consumed metabolically nor are they lost through diffusion. Thus, if the surface is not damaged, mechano-bactericidal materials can be reused indefinitely when cleaned. The same can be said for surface-immobilized mechanobactericidal colloids. Thus far, no reports on the cleaning and reuse of mechano-bactericidal materials have been published. It is safe to say that the cleaning regiment must consistently remove surface fouling in the form of adsorbed macromolecules (e.g., proteins, polysaccharides), accumulated dead bacteria or debris at no detriment to the mechano-bactericidal nanostructures.
Lastly, to truly harness its sustainable potential, we suggest an exciting area of research resides in the reproduction of nanostructures onto natural biopolymers. Cellulose and chitin are the first and second most abundant biopolymers, respectively [125, 126] . Both are sourced from renewable origins; cellulose is sourced from plant matter while chitin is extracted from insect or crustacean exoskeletons [127] . Interestingly, the wings of the cicada insect, the inspiration that prompted all subsequent mechano-bactericidal nanotopographies to date, is composed mainly of chitin [76, 128] . Considerable efforts have already been made in the fabrication of bioactive substrates composed of cellulose and chitin [129] [130] [131] [132] . Both these biopolymers have long been explored as drug delivery substrates and tissue engineering scaffolds [133] [134] [135] and could incorporate mechano-bactericidal nanotopography as a new function. Constructing antibacterial topographies onto such biodegradable, nontoxic, tuneable biopolymer films extracted directly from renewable resources would further improve the sustainable outlook of mechano-bactericidal materials.
Concluding perspectives
Mechano-bactericidal colloids and mechano-bactericidal nanotopography differ from one another in terms of the specific mechanism(s) of physical damage. 1D, 2D, or near-2D colloidal materials are so thin that they pierce and slice bacterial cell membranes thereby lethally compromising membrane integrity and causing membrane destruction. Compared to Gram-negative bacteria, it seems the less complicated cell membranes of Gram-positive bacteria (which lack outer membranes as well as membrane-associated proteins) causes them to be more susceptible to mechano-bactericidal effects of CNTs and GFNs. For CNTs specifically, the thinner in diameter and higher the aspect ratio, the stronger the antibacterial properties. The same trend is true for GFNs featuring higher degrees of sharp edgeasperities. Conversely, the mechanism of action for a surface topography of nanopillars is hypothesized to be very different. Although under debate, there is evidence to suggest lethal shear forces induced by motility of certain bacteria species or movement atop the nanotopography associated with cells that struggle. Another explanation is that regions of cell membranes perched between two pillars experience deformation leading to critical membrane stress and cell rupture. Since Gram-positive cells have stiffer peptidoglycan layers, they were not critically deformed by mechano-bactericidal nanotopography until enhanced aspect ratio of nanospikes was achieved.
Thus, in both colloids and nanotopography, increasing the aspect ratio by creating sharper or thinner nanostructures improves antibacterial efficacy. In either case, cell morphology observable via SEM appears flattened with loss of integrity accompanied by leakage of cytoplasmic matter. Since mechano-bactericidal materials rely heavily on said morphology observations, preparations of bacterial samples for SEM should strongly consider the use of critical point drying (CPD). Air-drying, which almost all mechano-bactericidal reports have employed, leads to distortion of the cells under observation that could be misconstrued as effects of mechano-bactericidal nanostructures. CPD is widely recognized as the most correct method to observe biological samples as it causes the least amount of alterations to the cell morphology under investigation [136, 137] .
Studies to date have favored a select few Gram-positive and Gramnegative bacterial models while other infectious microorganisms of interest such as fungi or even viruses have not been adequately assessed. Investigations of these microorganisms with known mechano-bactericidal materials would establish their efficacy as broad-spectrum antimicrobials while providing insight in the exact role of the stiff peptidoglycan layer and by extension, the role of the cell membrane. Indeed, many other differences exist between Grampositive and Gram-negative cells. The presence (or absence) of outer surface proteins and other biomacromolecules such as lipopolysaccharides could play a role. The difference in thickness of the peptidoglycan between Gram-positive and Gram-negative bacteria is likely insufficient to fully encompass the mechano-bactericidal interactions. Even within Gram-positive bacteria, peptidoglycan thickness is not uniform -the peptidoglycan of E. coli is nearly three times thicker than that of P. aeruginosa despite both being Gram-negative bacteria [138] .
A comprehensive understanding of the underlying interactions between biological systems and mechano-bactericidal nanostructures must be well established before widespread application. Their environmental fate and transformation when discharged must also be considered. Toxic reagents or byproducts during synthesis of certain nanomaterials will need to be evaluated as well. No doubt, the ideal scenario is one in which risk towards health and safety is minimized while antibacterial efficacy is maximized. At this moment, the mechanism of action of colloidal mechanobactericidal systems and its consequence on bacterial cell-surface interactions remain confounding. The same can be said for mechano-bactericidal nanotopography. Fully understanding the bacterial interactions with mechano-bactericidal nanostructures in the future will help define optimal geometry and dimensions. Finally, design of these nanomaterials must conform to the principles of green chemistry [139] in order to accelerate their deployment as next-generation antibacterial products.
